Kinesins are microtubule (MT)-based motor proteins that have been identified in every eukaryotic species. Intriguingly, land plants have more than 60 kinesins in their genomes, many more than that in yeasts or animals. However, many of these have not yet been characterized, and their cellular functions are unknown. Here, by using endogenous tagging, we comprehensively determined the localization of 72 kinesins during mitosis in the moss Physcomitrella patens. We found that 43 kinesins are localized to mitotic structures such as kinetochores, spindle MTs, or phragmoplasts, which are MT-based structures formed during cytokinesis. Surprisingly, only one of them showed an identical localization pattern to the animal homolog, and many were enriched at unexpected sites. RNA interference and live-cell microscopy revealed postanaphase roles for kinesin-5 in spindle/phragmoplast organization, chromosome segregation, and cytokinesis, which have not been observed in animals. Our study thus provides a list of MTbased motor proteins associated with the cell division machinery in plants. Furthermore, our data challenge the current generalization of determining mitotic kinesin function based solely on studies using yeast and animal cells.
M
ammalian kinesins have been classified into 14 subfamilies according to sequence similarities (kinesin-1-kinesin-14) (1, 2) . A subset of kinesins plays critical roles during cell division, where spindle bipolarity establishment, chromosome alignment to the metaphase plate, spindle microtubule (MT) sizing, and cytokinesis are ensured by the coordinated actions of kinesins, including the kinesin-4, -5, -6, -7, -8, -10, -12, -13, and -14 subfamilies. These mitotic kinesins have been identified through functional analyses and localization studies in several organisms. For example, GFP-tagging revealed four of six yeast kinesins localized to the kinetochores (3) . Comprehensive RNA interference (RNAi) showed that 8 of 25 kinesins play a role in mitosis in the Drosophila S2 cell line (4) . In humans, ∼20 of 45 kinesins have been identified as mitotic kinesins by RNAi and localization analyses using several cell types (2, 5, 6) . Most kinesins exert forces toward MTs or chromosomes; therefore, the identification of kinesins localized to the mitotic apparatus has significantly contributed to the understanding of the mechanisms underlying mitosis, such as spindle bipolarity establishment, spindle elongation, or chromosome movement (7) (8) (9) .
Interestingly, recent whole genome sequencing has revealed that land plants possess many more kinesins in their genomes than do animals. Arabidopsis thaliana has 61 kinesins, some of which cannot be assigned to the conventional 14 subfamilies (2, 10, 11). Why they have so many kinesins is an open question, and this question cannot be addressed without experimentation. However, it has been challenging to analyze more than 60 kinesins in a comprehensive manner in plants. To date, we have limited knowledge on the functions of the individual plant kinesins or a global functional view of the plant kinesin superfamily.
The moss Physcomitrella patens is an emerging model land plant, for which a variety of molecular techniques can be used (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . It has 27 chromosomes, and the genome sequence is available (12) . Critically, the rate of homologous recombination is unusually high in P. patens, such that gene disruption and epitope tagging are easy to perform. GFP or other fluorescent proteins can be fused to the endogenous protein, so that the tagged proteins are expressed under the native promoter at the native chromosomal locus. P. patens spends most of its life cycle in a haploid state; therefore, the tagged protein substitutes the untagged protein (13, 15) . The GFP-based localization determined in this way would thus likely represent the endogenous protein localization. Another key advantage of the P. patens system is the ease of live cell microscopy in caulonemal stem cells that actively divide every 5-6 h (13, 15) . Caulonemal cells are found in protonemata, which are filamentous structures that appear after spore germination, and experience less autofluorescencerelated interference derived from chloroplasts; therefore, they are suitable for the live imaging of GFP-or red fluorescent protein (RFP)-tagged markers during cell division (14, 19, 20) . Previous studies have characterized the process of mitotic spindle and phragmoplast formation in caulonemal cells by using GFP-tubulin, MAP65-GFP (anti-parallel MT-bundling protein), or EB1-GFP (MT plus-end-tracking protein) (14, 19, 22) . Caulonemal cells, like many other plant cell types, do not have centrosomes or other discrete MT organizing centers; instead, they generate MTs predominantly through amplification mediated by a protein complex called augmin (14, 23) . Moreover, unlike most other cell types in land plants, caulonemal cells do not form the preprophase band (PPB), a MT-based structure that transiently appears at the early stages of mitosis in the cell cortex and determines the future division plane (24) (25) (26) . Thus, mitotic spindle/phragmoplast assembly in caulonemal cells appears to be a highly self-organized process that involves multiple forcegenerating factors; these features are also typically observed in acentrosomal spindles in animals (8, 27) .
Significance
It has been a mystery as to why plants have many more kinesins than do animals (e.g., 45 in humans, >60 in land plants). To address this issue, the experimental analysis of each kinesin is critical. However, it has not been trivial to analyze >60 kinesins in a comprehensive manner in plants. Here, by using endogenous YFP tagging, we found that as many as 43 kinesins are localized to the mitotic apparatus in the moss Physcomitrella patens. All but one kinesin showed a localization pattern distinct from the animal homologues, indicating the necessity of studying individual kinesin functions in plants.
In this study, we attempted to identify mitotic kinesins by determining the localization of all of the endogenous kinesins during mitosis of caulonemal cells in P. patens. Among 60 kinesins for which expression was detected, 43 exhibited chromosome, spindle, or phragmoplast localization. Surprisingly, all but one kinesin showed a localization pattern distinct from the animal homologs. We further identified postanaphase mitotic functions of kinesin-5 by using RNAi.
Results
Overview of P. patens Kinesins. In this article, we followed the nomenclatures proposed by Shen et al. (28) , who surveyed kinesin gene sequences in the P. patens genome and named individual kinesins based on ref. 1. Our independent BLAST search was basically consistent with Shen et al. For example, kinesin-1, -3, -6, -10, and -11 were missing in the genome of P. patens. However, we additionally found two kinesin-like genes that were not listed in (28) (we named them kinesin 12-Ip and kinesin 12-IId). In total, we identified 78 kinesins, 69 of which could be classified into 15 subfamilies (kinesins 1-14 and kinesin-ARK). The remaining nine kinesins that did not belong to any subfamilies were called "orphan" kinesins (28) (Tables S1 and S2).
Endogenous Kinesin Localization During Mitosis. We attempted to place the citrine [a GFP variant (29) ] gene in-frame at the C-terminal end of all 78 kinesins ( Fig. 1 A and B) . We chose the kinesin C terminus for Citrine tagging, because N-terminal tagging is technically more difficult. One caveat of our strategy, however, is that tagging of Citrine to the C terminus might perturb the kinesin structure, and therefore mislocalization may be induced. Although this may be the case, this approach enables a first-pass genome-wide approach for analyzing kinesin localization. Additionally, C-terminal tagging has been successful for many kinesins in a number of different systems (3, 6, (30) (31) (32) . Using PCR, we confirmed proper alteration of the kinesin loci via homologous recombination for 69 kinesins (Fig. 1C, Left) . For these, we selected two independent transgenic lines for the localization analysis in caulonemal cells (Fig. 1D) . Endogenous tagging could not been confirmed for three kinesins (kinesin 4-Id, 12-Ij, and 12-IIb), because two sets of the PCR primers we designed were not functional. For those lines, 10-13 independent lines were observed; given the high efficiency of homologous recombination, we expected that Citrine would be inserted at the designed location for at least one line for these genes. For those lines of which Citrine expression was detected by microscopy, we performed immunoblotting against the whole cell extract to ensure that the signals were not derived from the truncated proteins (Fig. 1C, Right) . In total, we performed timelapse imaging of the Citrine lines for 72 kinesins. We could not obtain Citrine lines for the remaining six kinesin-like proteins, because the database did not indicate their C termini.
We present each kinesin localization during mitosis by providing time-lapse movies (Movie S1 presents the complete dataset, whereas the localization of individual kinesins is displayed in higher resolution as Movies S2-S11). The results are summarized in Figs. 2 and 3 , and Table S3 . Some kinesins showed specific localization during interphase (e.g., cell tip); however, these data are not presented in this manuscript. Overall, 40 kinesins in eight subfamilies, and 3 unclassified kinesins were localized to the mitotic apparatus at one or multiple phases during cell division. The most frequently observed location was the spindle/phragmoplast midzone, where some MTs are coupled in an antiparallel manner (19, 22) . In anaphase and telophase, nearly 30 kinesins were localized to this region. Spindle/ phragmoplast localization in regions other than the midzone was also frequently seen (e.g., kinesin 7-IV), and some kinesins occupied the entire length of spindle/phragmoplast MTs (e.g., kinesin-13s). On the other hand, chromosome-localized kinesins were rare; only four kinesins were found attached to a complete chromosome or kinetochore (colocalization of kinesin 7-III with a conserved kinetochore protein Mis12 is shown in Fig. S1 ). Most of the kinesins were observed to be diffused in the cytoplasm during prophase; however, because of substantial autofluorescence caused by chloroplasts in the cytoplasm, it was difficult to determine the precise localization of these kinesins in prophase.
Relationship Between Sequence Homology and Localization Similarity.
The comprehensive survey of kinesins localization allowed us to correlate the localization similarity to protein homology. In a simple way, we created a phylogenetic tree of all P. patens kinesins and placed it side-by-side with the localization summary data (Fig. 3) . We also analyzed every pair of kinesins within a subfamily; the full-length, motor domain, or nonmotor domain was subjected to comparison (Fig. S2 ). Both analyses indicated that the localization and homology of the proteins were generally well correlated. For example, four kinesin-5s showed identical localization throughout mitosis, and their mutual protein homologies were higher than most of the other pairs ( Fig. 3 and Fig. S2A , red). Fifteen pairs of six kinesin-7s were divided into two subgroups, showing a similar or distinct localization pattern, and this grouping was consistent with the amino acid sequence homology (Fig. S2A, green ). An exception was found for kinesin-12, however, in which the correlation between sequence homology and localization similarity was poor (Fig. S2B) .
Kinesin-5 Is Depleted in the Midzone of the Spindle and Phragmoplast. The localization survey has provided several interesting candidate proteins for further analysis. We analyzed the function of kinesin-5 in the present study. Kinesin-5 forms a homotetramer and is shown to play a critical role in spindle bipolarization in animals, fungi, and Arabidopsis (33-35). However, the localization of this protein is slightly different among cell types. Frog Eg5 is enriched near the spindle pole by dynein-dependent transport (36) , whereas fly Klp61F is uniformly localized on the spindle MTs in the S2 cell line or embryos (30, 37) . AtKRP125c (At kinesin 5-c), one of four Arabidopsis kinesin-5s, and tobacco TKRP125 are abundantly localized to all MT arrays throughout the cell cycle (33, 38) . Despite the diverse localization pattern, the dominant concept regarding the general function of kinesin-5 is that it slides apart antiparallel MTs at the spindle midzone, because this can best explain its depletion phenotype in many cell types: spindle monopolarization (39) (40) (41) .
P. patens has four kinesin-5s that are highly homologous to one another (kinesin 5-a to 5-d; Fig. 4 A and B) . Immunoblotting indicated that kinesin 5-d was most abundantly expressed in protonemata, whereas kinesin 5-a expression was low (Fig. 4C) . Live cell imaging at 30-s intervals showed identical localization patterns for kinesin 5-a to 5-d, although signal intensities varied (Movie S3). The signals were seen in cytoplasmic MTs at prophase, including those around the nucleus. After nuclear envelope breakdown (NEBD), they were localized at the spindle and phragmoplast MTs (Fig. 4D) . Surprisingly, the signal intensity was weakest at the central region of the spindle/phragmoplast throughout mitosis, although this corresponds to the region enriched with antiparallel overlaps (Fig. 4E) (19, 22) . Next, we imaged telophase cells at shorter intervals (3 s) and confirmed the exclusion of kinesin 5-c from the equator; instead, we detected poleward flow of the Citrine signals (Fig. 4F) . We concluded that kinesin-5 is depleted in the spindle/phragmoplast midzone and rather enriched in the region where parallel MTs predominate.
Kinesin-5 Is Required for Postanaphase Spindle/Phragmoplast Organization and Chromosome Segregation. To investigate the function of P. patens kinesin-5s in mitosis, we performed phenotypic analysis using a conditional RNAi system. In this system, the addition of β-estradiol to the culture medium induces the production of dsRNAs that are homologous to (multiple) target genes (14) . We (Fig. 4C) , such that a reduction of its mRNA would most critically affect the total amount of kinesin-5. (C) Summary of RNAi line selection. We selected 30 candidate RNAi lines by chromosomal integration of the RNAi vectors and observed multinucleated cells in 20 lines. This hit rate is similar to that in a previous study of seven constructs targeting three genes required for mitosis (14) ; importantly, we never observed such a phenotype in controls in 41 independent time-lapse image sets (note that our RNAi line selection method does not assess whether the RNAi vector is entirely integrated) (14) . It is therefore possible that the lines that did not give rise to a phenotype had not properly integrated the RNAi unit. (D and E) Cells with multiple nuclei were observed for all six kinesin-5 RNAi constructs. Error bars indicate the SD of three to five independent experiments. (Scale bar, 50 μm.) (F) Time-lapse imaging of cells expressing GFP-tubulin (green) and HistoneH2B-mRFP (red) using wide-field microscopy. Caulonemal cells of a control and a transgenic RNAi line (first construct, clone #15) are displayed. Images were acquired every 3 min. Time 0 corresponds to NEBD. (Scale bar, 50 μm.) See also Movie S12. (G) Time-lapse imaging of a caulonemal cell expressing GFP-tubulin (green) and HistoneH2B-mRFP (red) with spinning-disk confocal microscopy. The representative control and kinesin-5 RNAi (first construct, clone #15) cells are displayed. Time 0 corresponds to the timing of sister chromatid separation in the top and middle panels, whereas arbitrary time is indicated for the cell in the bottom. Arrowheads indicate two split phragmoplast-like structures. (Scale bar, 10 μm.) See also Movie S13.
designed a "quadruple" RNAi construct that contained four sequences targeting kinesins 5-a to 5-d fused in tandem and also five other constructs that target each of the kinesin 5-b to -d genes; three nonoverlapping regions of the kinesin-5 genes were covered by these constructs (Fig. 5A) . Because the four kinesin-5 genes are highly homologous to each other, the RNAi construct designed to target one of them is expected to knock down multiple genes simultaneously (14, 22, 42) . Quantitative real-time RT-PCR showed that this is indeed the case; the transcripts of multiple kinesin-5 genes were reduced for each construct (Fig. 5B) .
We selected multiple stable transgenic RNAi lines for each construct and performed long-term time-lapse imaging of β-estradiol-treated cells using low-magnification lens (3-min intervals, >5 h). We identified multinucleated cells in multiple transgenic lines for all six RNAi constructs, but never in the control (Fig. 5 C-E; in Fig. 5E , 47-140 tip cells were analyzed for RNAi lines in three to five experiments and >200 cells for the control). The observation of mitotic chromosomes suggested that multinucleation was caused by the generation of lagging chromosomes during anaphase and/or by cytokinetic failure (Fig. 5F and Movie S12). Next, we performed imaging of mitosis using spinning-disk confocal microscopy. The observations confirmed defective spindle/ phragmoplast morphology and chromosome segregation during anaphase and cytokinesis ( Fig. 5G and Movie S13). Furthermore, metaphase spindles appeared longer than normal and were occasionally associated with misaligned chromosomes. The most frequently observed phenotype was that of lagging chromosomes during anaphase, accompanied by slacked spindle MTs (Fig. 5G) . In some cases, phragmoplasts were later normally formed and expanded, after which cytokinesis occurred (Fig. 5G, Middle) , whereas in other cells, phragmoplast MTs failed to align properly, and cytokinesis was incomplete (Fig. 5G, Bottom) . However, we did not observe defects in spindle bipolarity before anaphase.
Discussion
Endogenous Localizome of Plant Kinesins in Mitosis. In this study, we identified 43 kinesins that are localized to the mitotic spindle and/or phragmoplast. Remarkably, this represents 72% of the total 60 kinesins for which expression was detected in caulonemal cells. Plants may have increased the number of kinesins that participate in mitotic cell division, which should be executed without the help of centrosomes or another MT-based motor dynein. The data also suggest a redundancy of kinesins, because in many subfamilies, highly homologous members showed indistinguishable localizations throughout cell division. However, loss-of-function analysis using gene disruption of each kinesin is critical to address these hypotheses.
The kinesins previously studied in other plant species, such as Arabidopsis or tobacco, generally show similar localization [e.g., kinesin 7-II (43, 44); kinesin 12-II (45); kinesin 14-I ( [46] [47] [48] ]. This similarity may not be surprising, given that essential features of the mitotic apparatus, such as a lack of centrosomes, are conserved between mosses and flowering plants (14, 23, 49, 50) . However, the total number of kinesins is lower in Arabidopsis (61 genes) than in the simpler P. patens (78 genes). Phylogenetic comparison attributed this to the presence of extremely large numbers of kinesin 12-I subfamily genes in P. patens (18 genes) compared with Arabidopsis (three genes) (Table S2) (28, 51) . Our study suggests that most kinesin 12-I in P. patens functions at the spindle/phragmoplast equator. It is tempting to speculate that the lack of the PPB or prophase polar caps in moss caulonemata, which could help spindle bipolarization in flowering plants (25, 26) , necessitates motor proteins that cross-link antiparallel MTs at the equator to ensure bipolarity. Three P. patens kinesin 12-Is (12-Ia, 12-Id, and 12-Ie) showed punctate localization at the cell cortex, where the phragmoplast then extends. This localization is reminiscent of two Arabidopsis kinesin 12-Is, POK1 and POK2, which control division plane orientation at the PPB and cell cortex (52) .
Other than the kinesin 12-I subfamily, the gene number is generally comparable between P. patens and Arabidopsis (Table  S2) ; however, a notable difference is the presence of highly homologous genes within the subfamily in P. patens. For instance, there are four kinesin-5 genes in Arabidopsis and P. patens. However, except for At kinesin 5-c and 5-d (69%), the amino acid sequences of each At kinesin-5 are more diverged (39-45%) than in P. patens (72-77% identity among Pp kinesin 5-a to 5-d), suggesting that the function of each kinesin-5 is more diverged in Arabidopsis (25) . Indeed, in Arabidopsis, mutation in a single kinesin-5 (AtKRP125c) causes a dramatic spindle defect (33) .
An interesting finding in this comprehensive study is that except for just one kinesin (kinesin 4-Ic), none of the remaining 42 kinesins that were identified in this study showed the identical localization pattern to those of better-studied metazoan kinesins. For example, the orthologs of the well-studied kinetochore kinesins (kinesin-8s and kinesin-13s) did not show such localization and instead were more concentrated at the spindle midzone. The accumulation of kinesin-5 was specifically diminished at the midzone, which has been identified as the most important functional site for this motor by previous studies in animals and yeasts (note that according to the figure presented in ref. 33 , Arabidopsis AtKRP125c may also be similarly localized to Pp kinesin-5, although costaining of spindle MTs and AtKRP125c have not been reported). The absence of kinesins at these expected sites would not be solely attributed to the lack of these sites in the moss spindle, because other kinesins were found at those sites (e.g., kinesin 7-III was localized at the kinetochore and several kinesin-13s and kinesin-14s were enriched at the spindle midzone). The discrepancy would be therefore attributed, at least partly, to the difference in kinesin protein sequences. In other cases, we observed that kinesin 12-Ia, -Ib, and kinesin 7-IV have pole-proximal accumulation during anaphase chromosome segregation and that nine kinesins accumulate at the metaphase spindle midzone. To the best of our knowledge, these localizations have not been reported for the animal homologs. Our study may thus urge us to reconsider each motor's conserved function during mitosis in plants and in animals. Plant kinesins might have evolved to acquire new cellular functions. Alternatively, the function might be conserved in animals but has been overlooked for some reason such as presence of redundant mechanisms in animal cells. Because most of the kinesins are widely conserved in plants, follow-up studies will also be conducted in other plant species, such as the popular model organism A. thaliana.
Roles of Kinesin-5 in Chromosome Segregation. We carried out functional studies on kinesin-5 by using an inducible RNAi system. This system allows phenotypic characterization after simultaneous knockdown of multiple paralogues in a reasonable period (∼3 mo) and is applicable to any genes of interest, including those essential for moss viability (compared with gene disruption approach which cannot be used for an essential gene).
After kinesin-5 RNAi induction, we predominantly observed defects in chromosome segregation, spindle/phragmoplast organization, and cytokinesis in postanaphase. This result is unexpected because kinesin-5 inhibition in many other cell types, including Arabidopsis root cells (33) , primarily causes spindle collapse during prometaphase/metaphase. A recent study using mammalian cells and a chemical inhibitor of kinesin-5 explicitly showed that anaphase-specific inhibition of kinesin-5 results in an abnormal spindle elongation rate but does not alter spindle morphology (53) . P. patens kinesin-5 might have evolved a new function. However, it is also possible that flowering plant kinesin-5 has similar postanaphase function; the preanaphase defect might have prevented specific assessment of the postanaphase phenotype in the Arabidopsis kinesin-5 mutant (33). Inefficient RNAi inhibition may account for the absence of monopolarization in our system; Pp kinesin-5 may retain spindle bipolarization function but our RNAi-based study might have overlooked it. An alternative possibility is that kinesin-5 is dispensable for spindle bipolarization in this particular cell type. We think that the latter idea is viable, given that 16 other kinesins, including the kinesin-12 family that has been shown to function redundantly with kinesin-5 in bipolarizing the spindle in mammals (54, 55) , are concentrated at the spindle midzone during metaphase, whereas kinesin-5s are not. Gene disruption of kinesin-5s will clarify their role in preanaphase in the future.
In either case, our results indicate that the integrity of the postanaphase spindles and phragmoplasts depends on kinesin-5. The appearance of misaligned chromosomes in preanaphase and lagging chromosomes in anaphase suggests that kinetochores and MTs are improperly attached because of the reduced kinesin-5 level. Furthermore, the appearance of split miniphragmoplast structures (Fig. 5G, Bottom) suggests that kinesin-5 might organize the phragmoplast through parallel bundling of the adjacent MTs, which was recently proposed to be a critical mechanism for phragmoplast expansion (50) .
Conclusion. In summary, to our knowledge, this study represents the most comprehensive analysis of kinesin localization during mitosis in a plant cell. The gene expression under the native promoter at the native chromosomal locus of a WT multicellular organism (i.e., not a cultured cell line) makes our dataset rare and valuable. Furthermore, several genes are interesting targets for further analysis; as with kinesin-5, such analysis could provide insights into motor function during mitosis. Finally, the transgenic lines produced in this study would serve as valuable tools to dissect the function of heavily amplified motor proteins in the land plant lineage.
Materials and Methods
Plasmids. The PCR primers used in this study are listed in Dataset S1. The mCherry and α-tubulin genes were amplified by PCR and subcloned into the vector that contains the rice actin promoter (56), the rbcS terminator, the modified aph4 cassette, and the genomic fragment of the PIG1 locus. For the C-terminal fusion of Citrine to kinesins, integration plasmids were constructed, in which the ∼1-kb C terminus and ∼1-kb 3′-UTR region sequences of the kinesin genes were flanked by the citrine gene, the nopaline synthase polyadenylation signal (nos-ter), and the nptII cassette that confers G418 resistance (57) . The start codon (ATG) of the citrine gene was changed to TTG. Six kinesin-5 RNAi constructs were made by using the Gateway system (Invitrogen) with pGG626 (14) as the destination vector.
Moss Culture, Transformation, and Microscopy. We essentially followed the methods described in ref. 14. In brief, BCDAT medium was used for regular culturing of protonemata at 25°C under continuous white light. Protonemal cells, which had been cultured on glass-bottom (MatTek) or six-well glassbottom (IWAKI) plates with BCD agar medium at 24-25°C, were imaged. To observe RNAi phenotypes, we cultured protonemata for 6-8 d in the presence of 1 μM β-estradiol that turns on the promoter (58) and thereby expression of dsRNAs. Transformation was performed by the standard polyethylene glycolmediated method. mCherry-tubulin/kinesin-Citrine lines were generated from the same parental mCherry-tubulin-expressing line. For the highmagnification time-lapse microscopy of the kinesin-Citrine or RNAi lines, the Nikon TE2000 microscope (100× 1.40-NA lens) equipped with the spinning-disk confocal unit CSU-X1 (Yokogawa) and an electron-multiplying charge-coupled device camera (ImagEM; Hamamatsu) was used. Images were acquired every 30 or 60 s. For long-term imaging of the kinesin-5 RNAi lines, fluorescence imaging was performed with Nikon's Ti microscope (10× 0.45-NA or 10× 0.50-NA lens) equipped with an electron-multiplying charge-coupled device camera (Evolve; Roper or iXon3; Andor). Images were acquired at multiple sites every 3 min. The microscopes were controlled by the Micro-Manager software (59) , and image data were analyzed with ImageJ.
Genotyping by PCR. Genomic DNA for PCR was prepared as follows. Protonemata cultured on BCDAT plates for 1-2 wk were flash frozen by liquid nitrogen. A 10× PCR buffer [160 mM (NH 4 ) 2 SO 4 , 670 mM Tris·HCl, 0.1% Tween-20, pH 8.8) was added, and the cells were squashed with a pipette tip. Following incubation at 65°C for 10 min and centrifugation, the supernatant was collected. The PCR amplification was performed with KOD FX Neo (TOYOBO), following the manufacturer's instructions. PCR was performed against 15 lines for each kinesin gene.
Quantitative Real-Time RT-PCR. Total RNA was prepared from protonemal cells using the RNeasy Plant Mini Kit (Qiagen), followed by DNase treatment. First-strand cDNA was synthesized with the PrimeScript II first-strand cDNA Synthesis Kit (TAKARA). Quantitative RT-PCR (qRT-PCR) was performed in triplicate using Power SYBR Green PCR Master Mix and the 7500 Real-Time PCR system (model 7500; Applied Biosystems). The results were normalized to those for TUA1 (α-tubulin) (14) . Primers for qRT-PCR are listed in Dataset S1.
Immunoblotting. Protonemata cultured on BCDAT plates for 2-4 wk were flash frozen by liquid nitrogen, followed by preparation of the cell extracts with an SDS-containing buffer. Immunoblotting was performed with anti-GFP (JL8, which also recognized Citrine; Clontech).
Sequence Analysis. The deduced amino acid sequences were aligned using MAFFT ver. 7.043 (60, 61) and then revised manually with MacClade ver. 4.08 OSX. In Fig. 3 , 189 amino acid residues were used to calculate evolution distances for 66 genes (989 amino acid residues for 9 genes in Fig. 4A ) using the Jones-Taylor-Thornton (JTT) model (62) to construct a neighbor-joining tree by the MEGA5 software (63) . Statistical support for internal branches by bootstrap analyses was calculated using 1,000 replications. The Arabidopsis Information Resource (www.arabidopsis.org) and Phytozome (www.phytozome.net) (for Selaginella moellendorffii) were used as the database. The sequence of Marchantia polymorpha kinesin-5 was provided by Ryuichi Nishihama and Takayuki Kohchi (Kyoto University, Kyoto, Japan).
Gene ID. A. thaliana genes used in this study are as follows (51): At kinesin 5-a (AT2G37420, AtKRP125a), At kinesin 5-b (AT2G36200, AtKRP125b), At kinesin 5-c (AT2G28620, AtKRP125c), and At kinesin 5-d (AT3G45850). Gene IDs of P. patens are described in Table S1 and Dataset S1.
